Replication of hepadnaviruses involves reverse transcription of an intermediate RNA molecule. It is generally accepted that this replication scheme is carried out by a virally encoded, multifunctional polymerase which has DNA-dependent DNA polymerase, reverse transcriptase, and RNase H activities. Biochemical studies of the polymerase protein(s) have been limited by the inability to purify useful quantities of functional enzyme from virus particles and, until recently, to express enzymatically active polymerase proteins in heterologous systems. An activity gel assay which detects in situ catalytic activities of DNA polymerases after electrophoresis in partially denaturing polyacrylamide gels was used by M. R. Bavand and 0. Laub (J. Virol. 62:626-628, 1988) to show the presence of DNA-and RNA-dependent DNA polymerase activities associated with hepatitis B virus particles produced in vitro. This assay has provided the only means by which hepadnavirus polymerase proteins have been detected in association with enzymatic activities. Since conventional methods have not allowed purification of useful quantities of enzymatically active polymerase protein(s), we have devised a protocol for purifying large quantities of duck hepatitis B virus (DHBV) core particles to near homogeneity. These immature virus particles contain DNA-and RNA-dependent DNA polymerase activities, as shown in the endogenous DNA polymerase assay. We have used the activity gel assay to detect multiple DNA-and RNA-dependent DNA polymerase proteins associated with these purified DHBV core particles. These enzymatically active proteins appear larger than, approximately the same size as, and smaller than an unmodified DHBV polymerase protein predicted from the polymerase open reading frame. This is the first report of the detection of active hepadnavirus core-associated DNA polymerase proteins derived from a natural host.
The Hepadnaviridae family is divided into two subgroups based on the host species that these viruses infect: the orthohepadnaviruses infect mammalian species (humans, woodchucks, ground squirrels), and the avihepadnaviruses infect avian species (ducks, herons) (15) . The orthohepadnavirus genome is a partially double stranded, circular DNA molecule in which the plus and minus strands are covalently linked to an RNA oligomer and a protein moiety, respectively. The avihepadnavirus genome shares the same structural features except that it appears to be fully double stranded (23) . The mammalian viruses contain four open reading frames (ORFs) encoding core (nucleocapsid), surface (envelope), X (unknown function), and polymerase (Pol) proteins. The avian viruses lack the X ORF but contain similar versions of the other three ORFs (for reviews, see references 35 and 38) .
Studies using duck hepatitis B virus (DHBV) provided the first model for hepadnavirus replication (42) . Summers and Mason (42) showed that an RNA intermediate was reverse transcribed and progressively degraded as first (minus)-strand DNA synthesis took place; full-length minus-strand DNA then served as template for second (plus)-strand synthesis. Synthesis of minus-strand DNA is primed by a protein encoded by the pol ORF (4, 10, 46) . Plus-strand synthesis is primed by an RNA oligomer derived from the 5' terminus of the pregenomic RNA, presumably by an RNase H activity (22) . In human hepatitis B virus (HBV) and by analogy in the other orthohepadnaviruses, the polymerase appears to have the additional Analysis of the predicted amino acid sequences derived from the mammalian and avian pol ORFs revealed regions which are highly conserved among hepadnaviruses (28) . Some of these regions are also similar to sequences found in retroviral polymerases which are known to be required for reverse transcriptase (RT) and RNase H activities (44) . The similarity in amino acid sequences between retrovirus and hepadnavirus pol ORFs and the observation that replication takes place within cytoplasmic core particles (42) suggested that the enzymatic steps involved in replication are carried out by a virally encoded DNA polymerase (DNAp). These steps require DNA-dependent DNAp (DDDP), RNA-dependent DNAp (RT), and RNase H activities, as well as the generation of the RNA oligomer and protein primers. In vitro transfection experiments which examined the effects of mutations in the pol ORF on production of specific replicative intermediates support the presence of a virally encoded polymerase with domains encoding a primer protein and an RT-RNase H separated by a nonessential spacer (11, 13, 21, 33) .
Biochemical studies of the polymerase protein(s) have been limited by the inability to purify useful quantities of the protein(s) and, until recently, to express enzymatically active pol ORF products in heterologous systems (16, 43, 46) . As a result, little is known about how the pol gene is expressed. Unlike retroviral polymerases, the hepadnavirus polymerase is not derived from a fusion protein but rather appears to be translated from a bicistronic mRNA at an internal initiation site (12, 31, 37) . Proteins exhibiting DNA-and RNA-dependent DNAp activities have been detected in HBV particles secreted from a transfected hepatoma cell line in an activity gel assay (6, 7) . Similar in situ gel assays have been used to detect a variety of enzyme activities in other systems (9, 41) . This assay has provided the only means by which HBV Pol proteins from virus particles have been identified in association with specific enzymatic activities. Since products of the pol ORF appear to be present in very low abundance within virus particles, we have used the activity gel assay to detect DNAand RNA-dependent DNAp activities associated with large quantities of purified DHBV core particles. These subviral particles, which have not yet been assembled with envelope proteins, were isolated from the livers of congenitally infected ducks, in which they are present in high concentrations. A protocol for the purification of large quantities of these particles to near homogeneity is described. This is the first report of the detection of hepadnavirus core-associated DNAp activities derived from a natural host.
MATERIALS AND METHODS
Preparation of DHBV core particles. A protocol for the purification of DHBV core particles to near homogeneity was devised. DHBV core particles were purified from 1 kg of liver taken from congenitally infected Pekin ducks which were sacrificed 10 to 18 days posthatch. Ducks were obtained from a commercial supplier and were of the same lineage as those from which DHBV 16 was cloned (26) and sequenced (25) . The livers were used at once or stored at -70°C and thawed as needed. All steps of the purification scheme were carried out on ice or at 5°C.
The fresh or thawed livers were minced and homogenized with a Dounce tissue homogenizer and a loose-fitting pestle in H buffer (0.02 M Tris [pH 7.4], 0.05 M NaCl, 0.007 M MgCl2, 0.1% 2-mercaptoethanol, 8% sucrose). The homogenate was centrifuged in an HB-4 rotor at 10,000 rpm for 20 min to remove nuclei, large cellular material, and unbroken cells. A surface layer of fat which formed at the top was removed, and the pooled supernatants were centrifuged in an SW27 rotor at 27,000 rpm for 90 min to pellet polysomes. These supernatants were pooled, and EDTA was added to a final concentration of 10 mM to convert any remaining polysomes to monosomes. 2-Mercaptoethanol was added to a final concentration of 0.1% to prevent oxidation. Core particles were concentrated from this pool by pelleting through a sucrose cushion. The pool was layered over 4 ml of 15% and 4 ml of 30% sucrose in core buffer (CB; 0.02 M Tris [pH 7.4], 50 mM NaCl, 1 mM EDTA, 0.1% 2-mercaptoethanol, 0.01% Triton X-100) and centrifuged in an SW27 rotor at 20,000 rpm for 15 h. The pellets containing the crude cores were dissolved in CB, using a Dounce tissue homogenizer.
Large-molecular-weight proteins and protein complexes were removed by precipitation with 5% polyethylene glycol 8000. Following immediate centrifugation in an HB-4 rotor at 10,000 rpm for 20 min, core particles were concentrated from the supernatants by precipitation with 15% polyethylene glycol 8000 and 0.5 M NaCl in an ice bath for at least 4 h. Core particles were pelleted as before and dissolved in CB, using a Dounce tissue homogenizer. This crude preparation of core particles was sedimented in 30-ml continuous 15 to 30% sucrose gradients. Approximately 100 to 200 mg of protein was layered on each gradient, and centrifugation was carried out in an SW27 rotor at 27,000 rpm for 4 h. One-milliliter fractions were collected by bottom puncture and assayed for the presence of core particles, using the endogenous DNAp reaction (17, 42) . In this assay, 20 (1) . An analogous activity has been observed in association with purified DHBV core particles (30) . Core particles which had been purified by using the protocol described above (through two CsCl gradients) were radioactively labeled in a phosphorylation reaction mixture (3.3 mM MgCl2, 3.3 mM dithiothreitol, 250 ,uCi of [y-32P]ATP [3, 000 Ci/mmol]) at 37°C for 3 h. The labeled cores were then pelleted through a 1-ml 30% sucrose cushion in an SW56 rotor at 40,000 rpm at 5°C overnight. The pelleted cores were dissolved in CB and analyzed by polyacrylamide gel electrophoresis (PAGE) and autoradiography. The major band observed was core protein, as judged by its predicted molecular weight and characteristic multiple bands (32, 36) . Approximately 200 g of DHBV liver was homogenized, and core particles which had been radiolabeled in the phosphorylation reaction were added. Core particles were then purified from the homogenate by using the protocol described above through three successive sucrose gradients. All sucrose gradient fractions were analyzed by Cerenkov counting and assayed by using the endogenous DNAp reaction. The 32P-labeled cores were found to cosediment with unlabeled cores, indicating that these purified cores do not represent an aberrant population of particles selected for exclusively by banding in CsCl.
Analysis of purified DHBV core particles. Fractions from the final CsCl density gradient were assayed for endogenous DNAp activity and analyzed for the presence of core protein and other proteins by PAGE and silver staining (20, 47 (Fig. IA) . Fractions 24 to 32 showed significant activity compared with the negative controls (in which core buffer was substituted for fraction samples). Peak endogenous DNAp activity was observed in fractions 26, 27, and 28. The density of CsCl in these fractions was 1.34 g/cm3.
(ii) SDS-PAGE and silver staining. A subset of these fractions was also analyzed by SDS-PAGE and silver staining (Fig. 1B) . The predominant species detected in these gels was core protein, as judged by the characteristic multiple bands at and greater than its predicted molecular weight of 31,000 (32, 36 (iii) Electron microscopy. Fractions from the final CsCl density gradient which were shown to contain core particles were examined by electron microscopy (Fig. IC) . The previously characterized (42) electron-dense and spiked, 35-to 37.5-nm spherical core particles were seen in the absence of other material in all fields viewed. These particles appeared to be intact and fully dispersed. Together, the electron microscopy and SDS-PAGE analyses indicate that these core particles have been purified to near homogeneity while maintaining their apparent native structure.
( reaction products in the presence and absence of actinomycin D (Fig. 2) . The greatest incorporation was observed in fractions 27 and 28. Both plus-and minus-strand DNA syntheses appear to be taking place in all of these fractions except fraction 24, which showed plus-strand synthesis only. The replicative intermediates detected in the fractionated core particles exhibited a previously observed density-dependent profile (29 3A). In core particles assayed after centrifugation in CsCl, plus-strand synthesis was easily detected, but minus-strand synthesis appeared to be less than that in pre-CsCl cores (Fig.  3B) . These results suggest that the endogenous RT activity is more adversely affected than the endogenous DDDP activity by a single banding in CsCl.
DNAp activity gel assays. (i) Core particles before banding in CsCI. Core particles (purified through two successive sucrose gradients) were assayed in DNAp activity gels before centrifugation in CsCl (Fig. 4A) . Three major bands were detected in the DDDP activity gel assay: a very strong band at 80 kDa, a slightly less intense band at 63 kDa (the molecular mass of this band was calculated by extrapolation because of the lack of an appropriate marker), and a weaker band at 109 kDa. Three bands were also detected in the RT activity gel assay: a strong band at 80 kDa, a less intense band at 63 kDa, and a very faint band at 109 kDa. The three RT- ing that these three proteins exhibit both DNA-dependent and RNA-dependent DNAp activities.
(ii) Core particles after banding in CsCl. Selected fractions from the final CsCl gradient were assayed in DNAp activity gels. Major bands at approximately 63, 80, 85, and 109 kDa were detected in fractions 25 to 31 in the DDDP activity gel assay (Fig. 4B) . Fraction 32 showed only a very faint band at 80 kDa. All other fractions tested were negative for DDDP activity. Fractions 25 to 32 were also the only fractions found to contain significant endogenous DDDP activity, core protein, and DNase-resistant silver-stained bands similar in size to some of the DDDP proteins, as shown in Fig. 1B . Three of the DDDP bands detected in the CsCl banded core particles appeared to be identical in size to the three bands detected in core particles prior to banding in CsCl (109, 80, and 63 kDa). The 63-kDa band is faint but can be seen in fractions 25 to 31 upon close inspection. It may represent a protein species which is not closely associated with core particles and is mostly lost after banding in CsCl, or it may represent a polymerase which is more inactivated by banding in CsCl, while the other DDDP species are less so.
The same selected fractions were also tested in RT activity gels in which two very faint bands 109 and 80 kDa could be discerned in fractions 27 to 30 (data not shown). These bands appeared only in fractions which also exhibited DDDP activity in the gel assay, endogenous DNA-and RNA-dependent DNAp activities, and the presence of core protein. They also appeared to be the same size as two of the DDDP and RT activities (109 and 80 kDa) detected in core particles prior to centrifugation in CsCl (Fig. 4A) .
These results were somewhat different from those seen with another preparation of core particles purified from 1 kg of liver by using the same protocol. In this case, the core-containing fractions showed only one DDDP band (109 kDa) and no RT bands in the gel assay. However, these fractions were not assayed until 2 months after collection, and only 5% of each fraction was tested in the gel assay. (The results shown in Fig.  4B were obtained with 30% of each fraction assayed immediately after collection.) Similar activity gel results were obtained with these core particles by adding BSA to the samples prior to loading the activity gels as described below. (iii) Addition of BSA to activity gel samples. It has been observed by others that the addition of exogenous protein(s) to samples prior to SDS-PAGE sometimes enhances detection of enzyme activities in the activity gel assay (18) . BSA was added to CsCl-purified core particles which showed only a single DDDP band and no RT bands in the activity gel assays, and the assays were repeated (Fig. 5) . Three DDDP bands of approximately the same intensity were detected: 109, 86, and 75 kDa. Two RT bands were detected: a very faint band at 109 kDa and a strong band at 86 kDa. A faint 86-kDa band was also detected when 10-fold more of the core-containing fraction for which RT activity could not be detected before was tested. Since the detection of DDDP and RT activities must be carried out in separate gels, it is somewhat difficult to compare DDDP and RT active bands with respect to size. This analysis is complicated further by the scarcity of DDDP and RT molecular weight markers. The molecular masses of the DDDPs and RTs reported here were extrapolated by using the known molecular masses of the E. coli DDDP and MMLV RT controls and therefore are approximations. All of these bands were approximately the same size as DDDP and RT activities detected in cores prior to centrifugation in CsCl and after two bandings in CsCl in which a third of the CsCl fractions were tested in the gel assays.
The BSA which was added to the samples was tested in both DDDP and RT activity gels to determine whether it contained DDDP and RT activities (data not shown). This BSA was found to contain a weak DDDP activity at 109 kDa but no RT activity. Since the core-associated 109-kDa activity appeared the same in DDDP activity gels in the presence and absence of BSA, the BSA was clearly not the source of this band. The two additional DDDP bands detected in the presence but not in the absence of BSA (86 and 75 kDa) are similar in size to DDDP bands detected in association with a larger sample of cores in the absence of BSA (Fig. 4B) , 85 and 80 kDa. The 86-kDa RT band detected in the presence of BSA was also detected in its absence by loading more of the sample. These results indicate that the addition of BSA to cores banded in CsCl enhances detection of at least some DDDP and RT proteins. In contrast, the addition of BSA to cores prior to banding in CsCl did not have any effect on the detection of DDDP and RT proteins (data not shown). This may be due to the presence of proteins in these crude preparations which may act similarly to exogenously added BSA but are removed when cores are banded in CsCl.
(iv) DNAp activity gel assay in the absence of substrate. It B. has been observed by others that some DNAps detected in the activity gel assay do not always utilize the primer-template provided in the gel (8, 40) . These polymerases are thought to be bound to a part of their native substrate which then comigrates with the polymerase molecules. During the activity gel assay, the polymerase acts on the native and perhaps some of the exogenous primer-template as well, using the radiolabeled dNTP supplied. This type of enzyme-substrate complex can be detected in the activity gel assay by omitting the primer-template from the gel.
Core particles were assayed for polymerase activity in the absence of substrate to determine whether core-associated polymerase activities were acting on the exogenously supplied or comigrating, core-associated substrates. Core particles isolated through two successive sucrose gradients and cores twice banded in CsCl were tested. None of the cores samples which showed polymerase activity in gels containing primer-template substrates showed activity in their absence (data not shown). (16, 43, 46) . All three reports describe expression of a single full-length Pol protein predicted from thepol ORF with minimal levels of activity. The data described in this report and the detection of a 35-kDa RNase H in association with DHBV core particles and virions (30a) suggest that the pol ORF gives rise to multiple proteins which may function together as a protein complex in vivo. Our data suggest that the Pol proteins expressed as described in these other reports may lack structural features, perhaps the presence of the 35-kDa RNase H or its absence from the full-length Pol protein, which prevent efficient synthesis of complete minus-strand DNA.
Despite the difficulties in studying the hepadnavirus Pol protein(s), we have shown that it is possible to detect and characterize virally associated enzyme activities in the activity gel assay. We are using this assay in conjunction with a panel of antisera directed against pol ORF-derived synthetic peptides to confirm that the DNAp activities that we detect are derived from the pol ORF. In addition, preliminary evidence indicates that this assay will be useful for testing the effects of various enzyme inhibitors on the core-associated DNA-and RNA-dependent DNAp activities.
